Lamy J-C, Ho C, Badel A, Arrigo RT, Boakye M. Modulation of soleus H reflex by spinal DC stimulation in humans. Transcranial direct current stimulation (tDCS) of the human motor cortex induces changes in excitability within cortical and spinal circuits that occur during and after the stimulation. Recently, transcutaneous spinal direct current stimulation (tsDCS) has been shown to modulate spinal conduction properties, as assessed by somatosensory-evoked potentials, and transynaptic properties of the spinal neurons, as tested by postactivation depression of the H reflex or by the RIII nociceptive component of the flexion reflex in the lower limb. To further explore tsDCS-induced plastic changes in spinal excitability, we examined, in a double-blind crossover randomized study, the stimulus-response curves of the soleus H reflex before, during, at current offset and 15 min after anodal, cathodal, and sham tsDCS delivered at the Th11 level (2.5 mA, 15 min, 0.071 mA/cm 2 , 0.064 C/cm 2 ) in 17 healthy subjects. Anodal tsDCS induced a progressive leftward shift of the recruitment curve of the soleus H reflex during the stimulation; the effects persisted for at least 15 min after current offset. In contrast, both cathodal and sham tsDCS had no significant effects. This exploratory study provides further evidence for the use of tsDCS as an expedient, noninvasive tool to induce long-lasting plastic changes in spinal circuitry. Increased spinal excitability after anodal tsDCS may have potential for spinal neuromodulation in patients with central nervous system lesions.
H reflex; spinal DC; humans DIRECT CURRENT (DC) stimulation is a noninvasive tool used to promote plasticity of the central nervous system (Nitsche and Paulus 2000) . When DC stimulation is applied transcranially (transcranial direct current stimulation [tDCS] ), the modulation of the cortical excitability depends on the current polarity: anodal tDCS delivered over the primary motor cortex (M1) increases motor cortical excitability, whereas cathodal tDCS decreases it (Nitsche and Paulus 2000) . tDCS influences firing rates of tonically discharging neurons likely by shifting the resting membrane potential of the neurons underneath the active electrode: the anodal stimulation depolarizes the resting potential of the neuronal membranes, whereas cathodal stimulation induces hyperpolarization (Lang et al. 2005; Paulus 2000, 2001) . Depending on the duration and the strength of the polarization, tDCS-induced aftereffects can persist up to 1 h (Nitsche et al. 2003a ). These aftereffects involve 1) changes in N-methyl-D-aspartate (NMDA) receptor efficacy (Liebetanz et al. 2002; Nitsche et al. 2003b) and 2) a nonsynaptic mechanism of action based on changes in neural membrane function (Ardolino et al. 2005) . Although tDCS, when applied over the motor cortex, does not modulate the H reflex (Nitsche et al. 2003c; Roche et al. 2009 Roche et al. , 2011 , anodal tDCS can alter the spinal cord circuitry's excitability in both the upper and lower extremities (Roche et al. , 2011 . Provided that stimulation adheres to the current guidelines (Nitsche et al. 2008) , the technique is considered safe and inexpensive and has, in recent years, opened a new vista to experimental treatment options using DC stimulation in patients suffering from CNS lesions, central pain, or psychiatric diseases (George et al. 2009; Hummel and Cohen 2006; Nitsche et al. 2009; Talelli and Rothwell 2006) .
In animals, few studies also investigated the effects of DC stimulation applied at the spinal cord level (transcutaneous spinal DC stimulation [tsDCS] ) and have revealed the potential of tsDCS to become a powerful neurostimulation tool to modulate spinal cord excitability and corticospinal transmission (Aguilar et al. 2011; Ahmed 2011; Eccles et al. 1962; Fuortes 1954) . Very recently, DC stimulation has also been applied to the human spinal cord. Indeed, thoracic anodal tsDCS (2.5 mA, 15 min) depressed the cervicomedullary P30 component of the posterior tibial nerve somatosensory-evoked potential (Cogiamanian et al. 2008) , providing evidence that tsDCS can modulate spinal conduction properties. In addition, there are increasing arguments that tsDCS is also capable of inducing sustained changes in transynaptic properties of spinal neurons. First, Winkler et al. (2010) showed that anodal tsDCS (2.5 mA, 15 min) induces a long-lasting decrease in postactivation depression of the soleus (Sol) H reflex, whereas cathodal stimulation has the opposite effect; the H MAX /M MAX ratio was unaffected by either stimulation. Second, Cogiamanian et al. (2011) investigated the effects of anodal tsDCS (2 mA, 15 min) on the lower-limb polysynaptic flexion reflex components (RII tactile and RIII nociceptive). They showed that anodal tsDCS induced a significant reduction in the area of the RIII component of the flexion reflex. In addition, they provided evidence that the H-reflex threshold, the latency of the H reflex, H MAX amplitude, and H MAX /M MAX ratio are unaffected by the intervention. However, in this study, H-reflex parameters were explored using stimulation rates at which postactivation depression is absent (Hultborn et al. 1996; Lamy et al. 2005) . So far, the impact of tsDCS on the stimulus-response curve of the H reflex, using stimulus rates at which postactivation depression is present, has not been investigated. Demonstrating changes in the amplitude of H reflexes using a noninvasive tool might be of potential clinical importance since these changes have been related to the acquisition of new motor skills and in restoration of motor functions in both animals and humans (Chen et al. 2006; Knikou 2010 ; Lamy and Boakye 2011; Thompson et al. 2009; Wolpaw and Tennissen 2001) . Thus, given the previous finding that tsDCS can alter postactivation depression of the H reflex (Winkler et al. 2010) , we hypothesized that tsDCS is capable of inducing plastic changes of excitability in the monosynaptic pathway mediating the H reflex, when tested using stimulation rates at which postactivation depression is present, that outlasts the stimulation period. To test this hypothesis, we examined, in a double-blind crossover randomized study, the effects of a single session of anodal, cathodal, or sham tsDCS delivered over the thoracic spine on the stimulus-response recruitment curve of the H reflex in healthy subjects.
METHODS

Subjects.
Seventeen healthy participants naïve to DC stimulation protocols (10 females), aged 24 to 43 yr with mean 30.6 Ϯ 1.8 (SE) participated in the main study. An additional group of 5 healthy subjects (3 females), aged 24 to 64 yr (mean 35.8 Ϯ 6.5), participated in a control study. Volunteers provided written informed consent according to the ethical codes of the World Medical Association (Declaration of Helsinki). The protocol was approved by our local ethical committees (Stanford University Institutional Review Board and Palo Alto Veterans Affairs Research and Development Committee). For each experiment, the subject was comfortably seated in a reclining chair. The examined leg was fixed, with the hip semiflexed (ϳ110°), the knee slightly flexed (ϳ150°), and the ankle at approximately 100°plantar flexion.
EMG recording. Surface electromyography (EMG) was recorded from the belly of the right soleus muscle using pairs of surface Ag-AgCl disposal electrodes (Kendall, Chicopee, MA). EMG signals were amplified (ϫ1,000) and filtered with a band-pass of 100 Hz to 1 kHz (Grass Technologies, West Warwick, RI). EMG signals were then digitalized at 2 kHz and stored on a personal computer via Power 1401 data acquisition interface (Cambridge Electronics Design [CED], Cambridge, UK) for subsequent offline analysis (Signal Software; CED). EMG activity was continuously monitored during the experiment with a visual feedback to ensure complete relaxation of the examined muscle.
Soleus H reflex procedure. Soleus H reflex was elicited by stimulating the posterior tibial nerve with homemade electrodes using constant-current square-wave pulses of 1-ms duration (DS7A; Digitimer, Welwyn Garden City, UK) at a stimulation frequency of 0.33 Hz. The active cathode (self-adhesive electrode of 3.68 cm 2 ) was positioned in the popliteal fossa, the anode (self-adhesive electrode of 50 cm 2 ) on the anterior aspect of the knee. At the beginning of each experiment, both H-reflex and M-wave thresholds were determined to be the lowest stimulus intensity needed to produce peak-to-peak EMG responses of 100 V in the EMG.
To plot the stimulus-response curve of the Sol H reflex, the stimulus intensity was progressively increased in steps of 0.05 to 0.10 ϫ MT (threshold intensity for evoking an M wave), starting below the H threshold and increasing up to the beginning of the descending limb of the recruitment curve of the H reflex to ensure that the maximum H reflex (H MAX ) had been recorded (the points collected on the descending limb of the curve being discarded from the analysis; see Fig. 2A and DATA ANALYSIS section). Each recruitment curve of the Sol H reflex was generated by averaging five responses at all collected stimulus intensities, which took about 2-4 minutes to complete. For each subject, the step of increment in stimulus intensity (i.e., 0.05 or 0.10 ϫ MT) was always the same across sessions. To rule out the possibility that electrodes moved or that peripheral neuromuscular excitability altered during the experiment, M waves were simultaneously recorded. At the end of each experiment, the maximal compound motor response (M MAX ) was also recorded.
Transcutaneous spinal direct current stimulation. tsDCS was applied through a pair of saline-soaked sponge electrodes (35 cm 2 ) covered with electrolyte gel and delivered by a battery-driven constant-current stimulator (Eldith DC Stimulator; NeuroConn GmbH, Ilmenau, Germany). Prior to positioning the electrodes, the skin was cleaned with an abrasive skin prep and alcohol to lower impedance. One electrode was centered over the spinous process of the eleventh thoracic vertebra but also covered adjacent vertebrae due to the large size of the stimulating electrode; it allowed for overlaying the lumbar enlargement that extends from approximately the ninth to the twelfth thoracic vertebrae (Lin et al. 2010) . The other was placed over the posterior of the right shoulder (Cogiamanian et al. 2008; 2011; Truini et al. 2011) . Polarity of the stimulation (anodal or cathodal) refers to the spinal electrode. The stimulus intensity was set to 2.5 mA and was applied over a 15-min period (Cogiamanian et al. 2008; Winkler et al. 2010) , resulting in a current density of 0.071 mA/cm 2 and a delivered total charge of 0.064 C/cm 2 . The current was ramped up to 2.5 mA over a 10-s period and similarly ramped down at the end of the stimulation. Sham stimulation was achieved by delivering a 2.5-mA current over a period of 90 s (since the initial itching sensation reported by subjects when current is initiated disappears during this window regardless of whether current is maintained). These procedures are reliable to blind healthy subjects naïve to DC stimulation protocols for the respective stimulation conditions (Gandiga et al. 2006) .
Experimental design. Each subject participated in three sessions (anodal, cathodal, and sham) with at least 3 days between two consecutive sessions. A double-blinded approach was used, that is, both participants and investigators (who performed the experiments and analyzed data) were blinded about the type of stimulation delivered. This was achieved by shielding both participants and researchers from the field of view of the current stimulator panel display. The order of application of the stimulation was randomized for each subject by the unblinded investigator (C.H.).
The experimental design is illustrated in Fig. 1 . For each experiment, stimulus-response curves of the Sol H reflex and M wave were collected at five time points: before applying tsDCS (T0), during tsDCS delivery starting 2 min after current onset (Per1), during tsDCS delivery starting 9 min after current onset (Per2), immediately after current offset (T1), and 15 min after current offset (T2). A total of 255 recruitment curves were collected (i.e., 17 participants, 5 time points, 3 conditions).
To ensure that our observations were not due to subtle shifts in M-wave thresholds, we also assessed, in a control study, the effects of anodal tsDCS on M-wave threshold as well as on H-reflex threshold at T0, Per1, Per2, T1, and T2 in five healthy volunteers who did not participate in the main study.
Data analysis. Measurements were made on the peak-to-peak amplitudes of the nonrectified EMG responses (ϮSE). The mean amplitudes of H and M waves were determined for the set of responses obtained at each stimulus intensity. To allow comparisons between EMG responses obtained during different sessions, all response amplitudes were normalized to the corresponding M MAX , and all stimulation intensities were normalized to the first M-wave threshold (MT) prerecorded at T0. For each time point, and for each participant, stimulus intensity was plotted against response amplitude. As illustrated in Fig. 2A , the ascending limb of each individual recruitment curve of the H reflex has been fitted using the following three-parameter sigmoid function (Klimstra and Zehr 2008) H reflex͑S͒ ϭ Hmax
where S is stimulus intensity, H MAX is the maximum H reflex, m is the slope of the function, and S 50 is the stimulus needed to obtain 50% of the maximum H reflex H MAX ( Fig. 2A) . Given that m represents the slope of the entire function, we instead determined H SLP, which was defined as the slope of the ascending limb of the recruitment curve at S 50 (see Klimstra and Zehr 2008) , using the following equation
In addition, because the stimulus intensity necessary to elicit H-reflex threshold is not an implicit parameter of the function, it was quantified as the x-intercept of the tangent of the function at S 50 (Carroll et al. 2002 ; Lundbye-Jensen and Nielsen 2008) ( Fig. 2A) . Across time points and subjects, an average of 11 stimulus intensities (ranging from 8 to 17) was used to fit the ascending limb of each stimulusresponse curve of the H reflex (see legend to Fig. 2, C and D) .
Since we did not collect the full recruitment curve of the M wave, we determined the area under the curve (AUC) of the M wave using the trapezoid rule ( Fig. 2B) (Lamy et al. 2010) . Only the stimulus intensities used to fit the ascending limb of the recruitment curve of the H reflex were considered to calculate the AUC of the M wave ( Fig. 2B) .
Statistics. Each of the four derived parameters from the stimulusresponse curves of the H reflex (H MAX , H SLP , S 50 , and x-intercept) as well as the AUC of the M wave were used for statistical analysis. All analyses were performed on raw data. Parametric analyses were used since all data sets successfully passed the Kolmogorov-Smirnov test and the equality of variance test. One-way repeated-measures ANOVAs , are plotted against the stimulus intensity (expressed as a multiple of the intensity necessary to evoke M-wave threshold). To plot the stimulus-response curves, the stimulus intensity was incremented by steps of 0.05 ϫ motor threshold (MT) in this subject, starting below the H threshold up to the beginning of the descending limb of the recruitment curve of the H reflex (ϫ). Only the points corresponding to the ascending limb of curve (solid circle) have been taken into consideration to fit the recruitment curve of the H reflex (A) with the three-parameter sigmoid function or to calculate the area under the curve (AUC) of the M wave (see gray area in B), that is, when a clear decrease in the H-reflex amplitude concomitant to a clear increase in M-wave amplitude was observed, the corresponding point was not used for analysis. The parameters of the sigmoid function are: H MAX , the maximum amplitude of the response; S 50 , the stimulus intensity needed to obtain a response of 50% of H MAX ; m, the slope parameter of the function (not illustrated). Given that m represents the slope of the entire function, we instead determined H SLP, which was defined as the slope of the ascending limb of the recruitment curve at S 50 (see METHODS). In addition, the H-reflex threshold has been quantified as the x-intercept of the tangent of the function at S 50 . Each point represents the average of five responses. C and D: examples of recruitment curves of the H reflex collected in two different subjects. In subject C, stimulus intensities ranging from 0.8 to 2 ϫMT (using increments of 0.1 ϫ MT) were needed to fit the recruitment curve of the H reflex, whereas in subject D, stimulus intensities ranging from 0.7 to 1.1 ϫ MT (using increments of 0.05 ϫ MT) were needed to fit this curve. In addition, the stimulus intensity needed to evoke an H reflex strongly differed between subjects and was below motor threshold in most of our subjects (i.e., see D) and sometimes just above the motor threshold (i.e., see C). Finally, the duration of the plateau strongly differed between subjects. For example, in subject D, the plateau (i.e., H MAX ) was created by four points using increments of 0.05 ϫ MT, whereas in subject C, the plateau is created by five points using increments of 0.1 ϫ MT. Therefore, the number of points collected, the range of stimulus intensities used, and the increments (0.05 or 0.1 ϫ MT) differed between subjects.
were computed to test for baseline differences across tsDCS conditions. Two-way ANOVA with factors INTERVENTION (3 levels: anodal, cathodal, sham) and TIME (5 levels: T0, Per1, Per2, T1, T2) were first computed to identify differences between tsDCS conditions at different time points. Conditional on a significant F-value, subsequent one-way repeated-measures ANOVAs were used to examine within each condition for significant changes in the time course, using Tukey's honestly significant difference (HSD) as post hoc tests. Bonferroni's correction was used for all post hoc analysis. In the control study, nonparametric Friedman repeated-measures ANOVAs were computed to assess the effects of anodal tsDCS on M-wave threshold and H-reflex threshold at different time points. In all tests, statistical significance was assumed if P Ͻ 0.05. All calculations were performed using R software (http://www.R-project.org, R Development Core Team, Vienna, Austria).
RESULTS
The tsDCS procedure was well tolerated by all subjects and no adverse effects were encountered. Most participants re-ported an initial slight tingling or itching sensation that disappeared within 90 s; no subject was able to differentiate active conditions from verum stimulation.
Although there was considerable variation between subjects in stimulus-response characteristics (see Fig. 2, C and D) , H-reflex recruitment curves were well fit to the three-parameter sigmoid model, as evidenced by coefficients of determination exceeding 0.90 (i.e., R 2 Ն 0.90; mean 0.99 Ϯ 0.01), for all 255 curves collected and irrespective of the number of points collected. To test for baseline bias among tsDCS conditions, one-way repeated-measures ANOVAs were conducted on raw data for each H-reflex parameter (H MAX , H SLP , S 50 , and x-intercept) and for the AUC of the M wave. No significant a priori differences between baselines could be detected (see Table 1 ). Figure 3 , obtained in one representative subject, displays the effects of tsDCS conditions on the H-reflex and M-wave recruitment curves. For clarity, only T0 (continuous black line), Per1 (continuous gray line), and T2 (dotted black line) MT, motor threshold. Areas under the curve (AUCs) of the M wave are expressed in arbitrary units because they were computed from normalized curves (i.e., ordinate was the amplitude of the M wave expressed in percentage of M MAX and abscissa was the stimulus intensity expressed in ϫMT).
Fig. 3. Stimulus-responses curves of Sol H reflex and M wave obtained at T0 (continuous black line), Per1
(continuous gray line), and T2 (dotted black line) during and after anodal (A), cathodal (B), or sham (C) transcutaneous spinal direct current stimulation (ts-DCS) in one representative subject. In this subject, five H reflexes and M waves were collected at each stimulus intensity from 0.8 to 1.6 ϫ MT using increments of 0.1 ϫ MT. Values are expressed in percentage of M MAX . Sigmoid curve-fitting analyses were used to plot H-reflex recruitment curves. In this subject, anodal tsDCS induced a leftward shift of the stimulus-response curve of the H reflex that lasted for at least 15 min after current offset without concomitant changes in the M-wave amplitude. Both cathodal and sham tsDCS have no effect on the H-reflex recruitment curve. D: waveforms of H reflexes and M waves collected from 0.8 to 1.6 ϫ MT before (T0), during (Per1), and 15 min after (T2) anodal tsDCS in the same representative subject. Note the progressive increase in the amplitude of Sol H reflex at Per1 and T2 when compared with T0 (see waveforms between dotted lines at 1.1 and 1.2 ϫ MT dotted lines). are illustrated. In this subject, anodal tsDCS (Fig. 3A) induced a leftward shift of the recruitment curve of the H reflex without concomitant changes in the M-wave amplitude, whereas both cathodal ( Fig. 3B ) and sham (Fig. 3C ) tsDCS had no effect on the H-reflex recruitment curve. As shown in Fig. 3 , A and D, this anodal tsDCS-induced shift of the H-reflex curve built up progressively over time since increased H reflex was moderate at Per1 but substantial at T2 (see waveforms between dotted lines at 1.1 and 1.2 ϫ MT in Fig. 3D ). These observations were fully confirmed in the whole population of participants enrolled. Fitted H-reflex recruitment curves averaged over the whole population (17 subjects) for each time point and for each tsDCS condition are presented in Fig. 4 . These curves were obtained by fitting average values of individual H MAX , H SLP , S 50 , and x-intercept to a sigmoid function (for details, see Cortes et al. 2011; Lamy et al. 2010; Meunier et al. 2007 ). The most striking effect (Fig. 4, left panels) was a progressive leftward shift of the H-reflex recruitment curve for the anodal condition, which lasted for at least 15 min after current offset, whereas both cathodal (Fig. 4 , middle panels) and sham ( Fig.  4 , right panels) conditions failed to affect the H reflex.
To test for differences between tsDCS conditions at different time points, two-way ANOVAs with factors "TIME" and "INTERVENTION" (Table 2) were computed for each parameter (H MAX , H SLP , S 50 , x-intercept, and AUC of the M wave) and revealed a significant effect for factor "TIME" for S 50 [F (4,64) ϭ 6.63; P Ͻ 0.00002] and for x-intercept [F (4,64) ϭ 6.82; P Ͻ 0.0002] only without effect of "INTERVENTION" or "TIME ϫ INTERVENTION" interaction, even though there was a clear trend for a significant "TIME ϫ INTERVENTION" interaction for both S 50 and x-intercept (see Table 2 ). None of the other parameters tested was significant (see Table 2 ). One-way repeated-measures ANOVAs (Table 3) were then computed for S 50 and x-intercept to investigate changes from baseline at each time point within each tsDCS condition and showed a significant effect for both S 50 [F (4,64) ϭ 6.27, P Ͻ 0.0003] and x-intercept [F (4,64) ϭ 6.79, P Ͻ 0.0002] in the anodal condition only (see Table 3 ). Post hoc tests showed that there was a progressive reduction of both S 50 and x-intercept over time that failed to reach significance at Per1 (S 50 : P ϭ 0.07; x-intercept: P ϭ 0.523) and Per2 (S 50 : ϭ 0.054; x-intercept: P ϭ 0.14), but was significant at T1 (S 50 : P Ͻ 0.02; x-intercept: P Ͻ 0.04) and T2 (S 50 : P Ͻ 0.02; x-intercept: P Ͻ 0.004).
In addition to the AUC of the M wave, we determined, in a control study, the effects of anodal tsDCS on M-wave and H-reflex thresholds to ensure that our observations were not due to subtle shifts in M-wave threshold. Nonparametric Friedman repeated-measures ANOVAs confirmed decreased H-reflex threshold over time [F (4,16) ϭ 11.56, P Ͻ 0.03]; this 
DISCUSSION
In this study, we show for the first time in humans that thoracic tsDCS is capable of inducing enduring changes of spinal segmental excitability that last for at least 15 min after current offset. Fifteen minutes of anodal tsDCS at 2.5 mA induces a progressive leftward shift of the stimulus-response curve of the Sol H reflex (i.e., it reduces both H-reflex threshold and S 50 ). This enhancement is 1) polarity dependent, since neither cathodal nor sham conditions modified the recruitment curve of the H reflex, and 2) cannot be attributed to an alteration of peripheral neuromuscular excitability since neither AUC of the M wave (Table 2) nor M-wave threshold is affected by the intervention.
Methodologic discussion. Before discussing tsDCS-induced plastic changes, some methodologic points should be addressed. First, the onset of tsDCS is accompanied by an initial itching sensation due to the activation of cutaneous afferents beneath the electrodes. Indeed, it has been shown that cranial (Delwaide and Crenna 1983; Ghanim et al. 2009 ) and peripheral (Baldwin et al. 2006; Klakowicz et al. 2006; Lagerquist and Collins 2010) cutaneous stimulation may influence Sol H reflex (i.e., cutaneous effects might, by themselves, result in changes in spinal excitability). However, this possibility seems unlikely since 1) none of the subjects was able to differentiate active conditions from verum stimulation, and cutaneous perception has been shown to be similar between anodal and cathodal conditions (Ambrus et al. 2011); 2) tsDCS-induced effects were specific to anodal polarity; and 3) spinal excitability was unchanged after both cathodal and sham stimulations. Second, given that Sol H reflex alters in the course of an experiment (Crone et al. 1999 ) and that each of our experiments lasted approximately 1 h, it could be assumed that observed changes in H-reflex amplitude after anodal tsDCS are related to the duration of the experiment. However, this as-sumption can be rejected since 1) if it occurred, the same observation seen with the anodal condition would be seen in both cathodal and sham conditions, which was not the case; and 2) Crone and colleagues (1999) reported decreased H reflex over the course of an experiment, whereas we report increased H reflex (after anodal intervention) in the present study. Third, given that an order effect of the stimulations has been suggested to potentially influence the results (Boggio et al. 2006) , the three stimulation DC conditions (anodal, cathodal, and sham) were randomized to avoid this potential bias. Finally, the interval between two consecutive sessions might have not been sufficiently long to wash out the effects of the previous stimulation. However, we used intervals of at least 3 days and, to our knowledge, aftereffects induced by a single session of DC stimulation are limited to mere hours after current offset (Nitsche and Paulus 2001; Nitsche et al. 2008 ). On the whole, we believe that modifications of spinal excitability as observed in this study are directly related to the effects of anodal tsDCS applied over the spinous process.
tDCS and tsDCS have different effects on spinal excitability. Enhanced Sol H reflex after anodal tsDCS contrasts with the lack of modulation of Sol H reflex seen when tDCS is applied over leg representations in the motor cortex (Roche et al. 2011 ). However, it must be stressed that thoracic tsDCS strongly differs from tDCS in several aspects. First, there is direct evidence from both animals and human studies that tDCS influences the spontaneous corticospinal cells firing rate by tonic de-or hyperpolarization of resting membrane potential, resulting in changed corticospinal drive onto motoneurons (Bindmann et al. 1964; Creutzfeldt et al. 1962; Lang et al. 2011) . In contrast, available data on tsDCS are scarce but there is currently no evidence that similar mechanisms apply to spinal neurons and/or that direct polarization of corticospinal fibers occurs. Second, the volume of the conductor surrounding the target tissue is much larger in the spinal cord than that in the brain, potentially dispersing the current and reducing its density. Third, the distance from the active electrode to the Table 2 . Results of two-way repeated measures ANOVAs (with F and P values) with factors INTERVENTION (3 levels: anodal, cathodal, sham) and TIME (5 levels: T0, Per1, Per2, T1, T2) for each H SLP , S 50 , reference electrode strongly differs between montages and is only a few centimeters when running tDCS experiments as opposed to approximately 50 cm for tsDCS. This is critical since the distance between two electrodes correlated negatively with the duration and magnitude of tDCS-induced aftereffects (Moliadze et al. 2010) . Finally, given that DC stimulation also modifies biophysical properties of neuronal membranes depending on the fiber orientation (Creutzfeldt et al. 1962) , it is likely that the different orientation of cortical and spinal fibers would result in a different polarization of neurons. For example, previous studies have shown that anodal tsDCS can induce long-lasting depression on the somatosensory-evoked potential P30 component (Cogiamanian et al. 2008) or can inhibit spinal pathway conduction and increase pain tolerance (Truini et al. 2011 ), whereas we observed increased H reflex excitability with anodal stimulation in this study. The apparent discrepancy between these findings could be explained by the different orientation of ascending lemniscal and spinothalamic fibers and Ia afferents projecting to alpha (␣) motoneurons, resulting in different polarization of neurons (Winkler et al. 2010) . Therefore, given that tDCS and tsDCS techniques and mechanisms differ in important ways, it should be clear that direct comparisons of the results produced by these two different methods should be made only with great caution, if at all.
Enhanced H reflex after anodal tsDCS. In the present study, we explored for the first time in humans the effects of tsDCS on the stimulus-response curve of the Sol H reflex and provided initial evidence for the capacity of anodal tsDCS to induce plastic changes in the monosynaptic pathway mediating the H reflex that outlasts the stimulation period. However, the amount of anodal tsDCS-induced modulatory effects was limited, given that we failed to detect significant differences across tsDCS conditions (i.e., factor "INTERVENTION"; see Table  2 ). We speculate that further improvement of stimulation parameters might enhance performance of tsDCS intervention.
Few previous studies reported unchanged H-reflex variables after tsDCS (Cogiamanian et al. 2011; Winkler et al. 2010 ). In accordance with these findings (Cogiamanian et al. 2011; Winkler et al. 2010) , we confirmed that the H MAX /M MAX ratio, reflecting the maximal percentage of depolarized motoneurons in response to Ia afferent activation, is unaffected by tsDCS. The anodal tsDCS-induced plastic changes in the H reflex did not alter the recruitment slope H SLP , which estimates the rate of change in motoneuron pool excitability following increased afferent input to the motoneuron pool (Funase et al. 1994) , but indeed produced a leftward shift in H-reflex threshold leading to a concomitant reduction of S 50 . Cogiamanian et al. (2011) on the other hand reported no effect of anodal tsDCS on H-reflex threshold. However, a critical methodologic point differed between studies. Indeed, postactivation depression of the H reflex represents reduced H-reflex amplitude within a period of about 10 s following the previous activation of Ia afferents (Hultborn et al. 1996) , that is, the depressive effect of increasing the stimulus rate of Ia fiber onto H-reflex amplitude (Hultborn et al. 1996; Lamy et al. 2005) . Low-threshold motor units are more sensitive to postactivation depression than higher units (Floeter and Kohn 1997) , so the decline of the H-reflex amplitude when increasing the stimulus rate of Ia afferents is greater for smaller Sol H reflexes than that for larger reflexes. In our study, H reflexes were evoked at a frequency of 0.33 Hz, a frequency at which postactivation depression is present, whereas Cogiamanian et al. (2011) evoked H reflexes at 0.05-0.1 Hz, a frequency at which postactivation depression is absent (Hultborn et al. 1996; Lamy et al. 2005) . Thus, given that anodal tsDCS has been shown to induce an enduring decrease of postactivation depression, corresponding to an increased H reflex size (Winkler et al. 2010) , we hypothesize that the reduced H threshold (reflecting lowthreshold motor unit activity) by anodal tsDCS observed in the present study could be explained, at least in part, by reduced postactivation depression.
Exactly how thoracic anodal tsDCS induces plastic changes of the Sol H reflex remains an open question, but some possibilities may be discussed. The fact that anodal tsDCSrelated plastic changes in spinal excitability had a gradual development over the course of intervention and outlasted the intervention period by at least 15 min resembles long-term changes in the H reflex seen during the acquisition of simple motor skills in both animals Wolpaw 1994) and humans (Thompson et al. 2009 ). Since these characteristics (i.e., gradual development and persistence) are compatible with changes in synaptic efficacy through the development of longterm potentiation (LTP)-like plasticity described in vivo and in vitro at the cellular level in animal models (see Cooke and Bliss 2006) , similar mechanisms might be involved in our experiment. An alternative explanation could rely on changes in the control of motoneuronal discharge: given that monosynaptic pathway mediating the H reflex is controlled at both the pre-and the postsynaptic levels, up-or down-regulation of any spinal neuronal circuitry can theoretically result in change in its excitability (see Pierrot-Deseilligny and Burke 2005) . Apart from postactivation depression mentioned earlier (Winkler et al. 2010) , tsDCS-related effects on other spinal circuits (e.g., presynaptic Ia inhibition, reciprocal inhibition, recurrent inhibition, etc.) remain unknown and should be explored in future studies, particularly because plasticity in spinal interneurons has been proposed to be the most likely mechanism underlying increased H reflexes in animals (Wolpow and Chen 2001) . It is also possible that changes of intrinsic properties of the motoneurons themselves are involved in tsDCS-induced effects on the H reflex. Indeed, Ahmed (2011) investigated the effects of tsDCS applied subcutaneously over the T10-L1 segments in mice on the firing rate, pattern, and amplitude of the spontaneous activity of the tibial nerve. He revealed that anodal tsDCS significantly increased the spike frequency and amplitude of spontaneous discharges, whereas cathodal tsDCS 1) caused significant changes at higher intensities, 2) either did not change or inhibited firing of larger spikes while increasing firing of smaller spikes, and 3) evoked more rhythmic firing. This suggests that spinal DC stimulation could affect intrinsic properties of the motoneurons. Such changes have been previously described in animals (Carp et al. 2001 ) and can involve a shift in motoneuron firing threshold, change in afterhyperpolarization amplitudes, change in synaptic contacts on motoneurons, or change in firing threshold of the axon (Wolpaw and Carp 2006) .
In conclusion, we showed in this exploratory analysis that a single session of anodal tsDCS applied over the spinous process of the 11th thoracic vertebra can be used to modulate spinal excitability in humans. Along with functional electrical stimulation (FES), transcutaneous electrical nerve stimulation (TENS), and spinal associative stimulation (Cortes et al. 2011 ), tsDCS provides a simple, painless and noninvasive tool to promote spinal plasticity. Although the precise mechanisms underlying the neuromodulatory effect remain unknown, the ability to quickly and painlessly induce spinal plasticity is important to both researchers investigating motor control and healthcare providers engaged in patient rehabilitation following spinal cord injury, especially in this latter case given the similarity of anodal tsDCS-related changes in spinal excitability to changes seen during the acquisition of new motor skills in both animals (Wolpow and Tennissen 2001) and humans (Thompson et al. 2009 ), and in restoration of motor functions in rats with partial spinal cord injuries (Chen et al. 2006 ). Thus, it remains to be determined whether anodal tsDCS can improve motor function in spinal cord injury or other neurologic disorders.
